For both years Clench model asymptotes for species richness were greater in high forest than in low forest sites. For both years, mean per-trap species richness, abundance and biomass among high forest sites were similar and higher than in low forest sites, especially where the lowest humidity and the highest temperature were recorded. Within the two low forest sites, species richness and abundance recorded during the second year, decreased with distance to edge. Different dominant roller species characterized the pitfall samples in one site of low forest and in other sites. Small variations in microclimatic conditions correlated to canopy height and openness likely affected dung beetle assemblages but soil depth and the presence of large mammals providing dung resource may also play a significant role. Rev. Biol. Trop. 61 (2): 753-768. Epub 2013 June 01.
Dung beetles (Coleoptera: Scarabaeidae: Scarabaeinae) constitute rich communities in most terrestrial ecosystems where they provide key ecological functions and services such as nutrient cycling, soil fertilization, biological pest control and secondary seed dispersal (Hanski & Cambefort 1991 , Nichols et al. 2008 . Moreover, dung beetles have been considered as a useful indicator group of habitat disturbance particularly in tropical rain forests (Favila & Halffter 1997 , Davis et al. 2001 , Larsen 2012 . Their community structure is sensitive to many kinds of environmental change and linked with mammal communities (Halffter et al. 1992 , Andresen 2005 , Andresen & Laurance 2007 , Spector 2006 , Nichols et al. 2009 ). The patterns of response of dung beetles communities have been extensively studied comparing high tropical forest to disturbed forests (reviewed in Nichols et al. 2007) or at sharp habitat ecotones (Hill 1996 , Spector & Ayzama 2003 , Feer 2008 . Habitat selectivity of dung beetles is regulated by sensitivity of adults and larvae to temperature and hygrometry (Sowig 1995 , Duncan & Byrne 2000 . Most of tropical forest species seem to have a narrow climatic tolerance. It explains why tropical assemblages show a clear decrease in species richness and abundance when microclimatic conditions went dryer and warmer in disturbed forest. Studies on the distribution of dung beetle species linked to natural environmental gradient into rain forest habitat are scarce (see Davis et al. 2001 ) although they might be useful to understand changes observed in disturbed ecosystems.
The heterogeneity of forest habitat in Amazonia depends on environmental factors (precipitation, soil fertility, topography) and induces variation of canopy heterogeneity (Barbier et al. 2010) . Degree of openness of canopy strongly influences microclimate and soil humidity at ground level as it was observed near forest edges (Didham & Lawton 1999) . Recent data indicate that some neotropical dung beetles species specialize on restricted habitats or microhabitats (Larsen et al. 2006) . Consequently community structure may change at local or regional scale depending on the distribution of specific biotopes.
Here, I examined the structure of dung beetles assemblages in two adjacent habitats of the primary forest with distinct features of vegetation structure and microclimate condition. Along an inselberg-rainforest ecotone, I compared tall-tree rainforest to low forest forming a transitional zone with rocky open habitat. I questioned whether the dung beetle assemblages were different in the two habitats. Specifically, I tested the prediction that lower species richness and abundance corresponds to warmer and dryer microclimate. Furthermore I investigated whether change affects species composition and, if so what are the characteristics of the major species involved. Similarity and difference with disturbed forests and anthropogenic forest edges of the same region were discussed.
MATERIALS AND METHoDS
Study site: The work was carried out at the Nouragues Research Station (4°5' N-52°40' W) which lies at 100km South of Cayenne, French Guiana. The station is located in the centre of the Nouragues Natural Reserve (1 000km 2 ) covered by undisturbed evergreen forest (Bongers et al. 2001) . The climate is characterized by a long wet season lasting from December to August, often interrupted by a short, drier period around March. Average annual rainfall is 2 990mm and mean temperature is 26.3°C (Grimaldi & Riéra 2001) . The study site is dominated by a partly denuded granitic inselberg which reaches an elevation of 411m above sea level. The summit area and the basal gentle slopes termed terrace are characterized by a low xeromorphic rock savannah vegetation (Sarthou 2001) . The low forest extends around the outer borders of the rock savannah as a continuous belt, of generally less than a hundred meters wide between the rock savannah and the high forest. Low forest has a canopy height usually situated between 8 and 15m and it is rich in shrubs and small trees (Myrtaceae, Rubiaceae, Nyctaginaceae and Erythroxylaceae) with abundant epiphytes and terricolous herbs in the understory (Larpin 2001) . From open-rock vegetation to high forest, shallow soil passes from organic-rich sandy cambisols into ferralsols, with increasing depth (Grimaldi & Riéra 2001) . Periodic desiccation of soil occurs during the dry period, especially when it is shallow on the rock and located on steep slope causing a rapid run-off of water.
I selected two low forest areas: one at the foot of the inselberg on a 40% slope under the South-Eastern rocky terrace (hereafter called T, Fig. 1 ), and the other one on the Western inselberg ridge (I) situated about 250m above T. Referring to the same areas, Sarthou et al. (2001) show that soil depth is higher in I than T area. High forest area is covered by 30 -35m high mature forest with open understory. Dominant canopy plant families include Leguminosae, Sapotaceae, Burseraceae, Chrysobalanaceae, Lecythidaceae, Rubiaceae, Vochysiaceae and Nyctaginaceae (Poncy et al. 2001) . Soils are ferralsols locally rich in ferruginous nodules near the creek. The Nouragues creek, a tributary of the River Approuague, flows past the foot of the inselberg and, toward East along a gentle slope. I selected two high forest areas: one along the left bank of the creek (C) and another 100m above on the flat area of a plateau (P).
A total of 127 mammal species were recorded at the site including 67 non-flying species (Bongers et al. 2001) . Large phytophagous species of mammals are providing the bulk of resources for coprophagous dung beetles. Five species of primates are common in high forest but only Cebus apella was occasionally observed in the low forest and rock savannah (F. Bayard personal communication). Tracks of peccaries and agoutis were observed in the low forest area I but not in T. These species are common in high forest where other large terrestrial mammals such as tapir, brocket deers are also present (Feer et al. 2001) .
Microclimate:
The total rain during the study period was 486mm in 2003 and 630mm in 2004. Differences in 24h average rain between years were not significant (respectively, 15.7mm and 20.3mm, p>0.05) . Microclimatic data, air humidity and temperature, were recorded in 2004 with a portable thermo hygrometer in open habitat (rock savannah), low forest (interior and edge) and high forest. Measurements were taken randomly at 0.8m high during the most humid and the less warm period of the day (7:00-9:00h) and during the driest and the warmest period (14:00-16:00h) according to data taken along 24h. Mean values were used to compare habitats.
Sampling method: For insect sampling I used baited pitfall traps made of plastic pots (10cm diameter 15cm depth), protected from rain. I used human faeces as bait because it remains the best attractant for dung beetles (Howden & Nealis 1975 , Feer 2000 . Insects falling into the traps were killed by a solution of water with detergent and sodium chloride. Each trapping session lasted four days and baits were renewed once after 48h. In both years, ten traps 40m distant were arranged along a linear transect in P along the ridge of the plateau, and in C at 5-10m from the creek. In 2003, five traps were installed in each of the low forest areas. The traps were 30m distant at a distance from forest edge varying from 30-90m in I and 50-120m in T. In 2004, three parallel transects of four traps each were installed in each low forest site in order to assess edge effect. The transects were 40m distant, oriented perpendicular to the forest limit. The traps were at different distance from edge: 0m (under vegetation as close as possible to the forest edge), 30, 60, and 120m (approximately corresponding to the limit of the low forest with high forest). At each transect one trap situated in rock savannah under a thicket of Clusia minor L. was associated, at a minimum distance of 40m from low forest edge. Dung beetles were sampled from mid April-mid May 2003 and in the same period for 2004, with one trapping session per area and per year.
To obtain complementary data on the species richness, I used ground-based Flight interception traps (FITs). They provide a relatively unbiased sampling method of collecting beetles (Davis 1993 , Larsen et al. 2006 , as they passively collect insects flying through the forest. FITs were made of a vertical panel of 140x200cm plastic mosquito net with trays disposed along its base, filled with a killing and preservative solution. They were set at a minimum distance of 40m from the nearest pitfall trap. Each year, one FIT per site was used during a period of 20 days.
I identified species in the laboratory by comparing specimens against collections in the Laboratoire d'écologie (Brunoy) and the Laboratoire d'entomologie of the Muséum National d'Histoire Naturelle (Paris). Some species without corroborative specimens for comparison were classified to the generic level. The voucher specimens of Nouragues were deposited in Brunoy. only the Scarabaeinae species were considered in the study. other groups such as Aphodiidae, Hybosoridae, Geotrupidae and Hydrophylidae were rare in the collected material. owing to differences in abundance and sampling effort, patterns of species richness among habitats in each year were compared using rarefaction analyses and the Clench model for species-richness estimation. Shannon's diversity index was determined for each sample using EstimateS software (Colwell 2004) . To account for variation in species richness among samples, sample-based rarefaction curves were produced using EstimateS software with 100 randomizations. Differences in species richness among assemblages were tested by observing whether the rarefaction curve of the most species poor assemblage lay within the 95% confidence limits of the rarefaction curve of the most species rich assemblage at the point of equal abundance (Magurran 2004) . Non parametric models of estimation of true species richness (Chazdon et al. 1998) failing to give stable values of richness with the data, a parametric model was chosen because it offers the advantage to allow the calculation of an asymptote or estimated limit of the true species richness. The Clench model (Clench 1979) supposes that the probability to find a new species diminishes with the catching effort but remains negligible because of the number of rare species. The number of species was determined following Soberon & Llorente (1993) : S=E a/(1+bE), where S is the number of species and E the number of individuals which can be assimilated to sampling effort. The degree of adjustment of the model with the data has been estimated by R 2 and the completeness in percent is the rate of the maximum number of observed species with the model asymptote a/b.
Beetle species richness and abundance in each trap for the total session were determined for each habitat and year. An approximation of biomass was obtained by multiplying the abundance of each species by its average individual length, obtained by measuring a minimum of ten individuals, and summing the results for all the species of the trap. Species richness and abundance were square root transformed, biomass was log transformed and then analysed with a general linear model using SySTAT 9.0 (SySTAT 1999). I used two fixed effects, year (two levels) and habitat (four levels) to analyse per-trap species richness, abundance and biomass. The data for trends in dung beetle species richness and abundance in 2004 were analysed with respect to the distance to the edge and log 10 of that distance. I used the total number of species and individuals obtained per trap on the sampled transect to test for correlation (Spearman rank-order coefficient) with distance to edge.
I tested for differences in species composition in the dung beetle assemblages between habitats, years and trapping methods using data of species abundance per sample. I then generated a data matrix of pairwise comparisons based on the Bray-Curtis similarity using square-root transformed abundances with the software package PRIMER version 6 (Clark & Gorley 2006) . Based on the similarity matrix a multidimensional scaling (MDS) ordination was presented. MDS was chosen over other ordination methods because it makes fewer assumptions about the data distribution, and provide a visually intuitive summary of similarity among samples (Clarke & Warwick 1994) . A one-way analysis of similarity (ANo-SIM) was used to test variation in assemblage composition using PRIMER. The R anosim statistic value is a relative measure of separation of the defined groups compared with 999 randomizations to generate probability values. If a grouping factor defined significantly different groups, a one-way ANoSIM analysis was used.
RESULTS

Microclimate:
In the morning, the highest air humidity and the lowest temperature varied in a narrow range in all the areas (respectively, 93.0-95.8% and 25.4-26.1°C ). In the afternoon, high forest P and C showed similar conditions with lower humidity and higher temperature than in the morning in 2004 (Fig. 2) . In low forest I, humidity was similar than in high forest but temperature was lower. In T, I recorded the lowest humidity (79.5%) and the highest temperature (29.1°C). In low forest, little change was recorded from edge to interior in T, whereas more pronounced differences were recorded in I. In adjacent rocky habitat, little change occurred by comparison to I edge whereas a clear increase in temperature and a decrease in humidity prevailed near T. (Table 1) . In both years the smallest values were recorded in site T. In 2003 rarefaction analyses showed greater values of species richness in high forest sites but with complete overlaps between the 95% confidence intervals (Fig. 3, Table 1 ). In 2004, the values in high forest sites were higher than in I with no overlap of intervals with C. The values of the asymptote of Clench equation are supposed to give a better estimation of the species richness but their validity depends on the completeness. In both years, species richness (Clench) was maximum for C and minimum for T but it is worth noting that in 2004 the completeness was low for T ( Table 1) .
The results of the ANoVA for the effects of habitat and year on per-trap species richness, abundance and biomass are summarized in table 2. They showed a significant effect of habitat and year without interaction. Larger values of the variables were observed in 2003 than in 2004 (Fig. 4) . All the differences within habitats were significant (p<0.05, Tukey's HSD tests) except for C. No significant differences were recorded for all variables between high forest P and C. For all variables, smaller values were observed in T than in one or two of the high forest sites (p<0.05). The mean number of species richness in I was higher than in T in 2004. In both years, mean abundance and biomass in I were larger than in T (p<0.01). The total sample obtained by FIT comprised 1 060 individuals from 83 species in 2003 and 371 individuals from 64 species in 2004. A total of 15 species were exclusive to FIT (15.6% of total species collected, n=96). In 2003, the raw species richness and rarefied values in C and P were higher than in T and I (Table 3 ). In 2004, the raw species richness was maximum in I and minimum in T but considering the confidence intervals there was no differences in rarefied values between areas.
Species composition:
The MDS ordination indicated that FIT samples and pitfall samples were well segregated (Fig. 5) . The total FIT sample had more exclusive species (42.3%, n=85) representing a larger proportion of the total number of individuals (19.8%) than in the total pitfall trap sample (respectively, 19.7% and 1.9%). Analysis of similarity determined that there were significant differences among trapping method (R Edge effect: Species richness and abundances in I and T decreased toward forest edge and were significantly correlated to the distance to edge (Fig. 6 ) (respectively species, Spearman r=0.93, p<0.001, and r=0.80, p<0.001; abundance, r=1.00, p<0.001, and r=0.75, p<0.01). In T, species richness and abundance at 120m from edge were smaller than in C and P (Mann-Whitney test, p<0.05). The overall trend was a decrease in species richness and abundance where conditions near the ground where dung beetles are active went drier and warmer. It is clear in T but less in I where conditions are closer to high forest. Frequent occurrence of mist covering the top of the inselberg (F. Feer, personal observation) may have buffered the effect of low canopy. Similar conditions prevailed in the two high forest sites but, consistently with Cockle's (2001) measures, conditions near the creek were wetter than on the plateau. A trend toward a richer assemblage in C suggests that a small increase in humidity may have an effect. More pronounced contrasts between high forest habitats is to be expected in the dry season.
Dung beetle communities that are closely associated with tropical forest habitats are mostly composed of species sensitive to variations in temperature and humidity depending on the physical structure of the forest, i.e. canopy height and openness. Assemblages display graded responses across the modification gradient from intact tropical forest to clear-cut areas and as habitat fragmentation increases (reviewed in Nichols et al. 2007 , Gardner et al. 2008 . Here less contrasted patterns were observed except along edges in low forest, where rapid decrease occurred toward the limit with rock savannah as in other forest habitat ecotones (Hill 1996 , Spector & Ayzama 2003 , Feer 2008 ). The more abrupt adverse effect of edge in I than in T may be related to the higher change in conditions from interior to In I, species richness at 120m from edge was not significantly different from C and P whereas abundance was larger than in C and P (p<0.05). In rock savannah habitat, no insects had been trapped near T whereas three individuals of Canthon triangularis (Drury 1770) were present near I. Five individuals of this species were also collected along the I edge of low forest but it was absent in T.
edge in I. Most likely the edge effect penetrated more deeply into low forest in T and possibly farther in the adjacent high forest because of the slope. Dung beetles are thus fine indicator group reflecting small architectural differences between habitat types (Halffter & Matthews 1966 , Favila & Halffter 1997 , Halffter & Arellano 2002 ). Thus they differ from insect that reflect floristic differences (i.e. species composition, biotic) through biotope fidelity via plant-feeding specializations (e.g. moths and butterflies). Two other factors, one abiotic and another biotic may have played a role here. The nature of soil is known to influence dung burial activity (osberg et al. 1993) . Shallow rocky soils with highly variable moisture in low forest areas may be less favourable than deep high forest soils with a more constant humidity. This must be particularly influential in slope site like T. Like in various tropical and temperate systems, most of the dung beetles sampled in this study use primarily mammal dung (Feer 2000) as an adult and larvae food resource (Hanski & Cambefort 1991) . While there has been few studies on the changes following mammal reduction in otherwise undisturbed tropical forests (but see Andresen & Laurance 2007) , multiple evidence indicate that decline of medium and large bodied mammal faunas can severely disrupt the diversity and abundance of dung beetle communities through alteration of dung resource (reviewed in Nichols et al. 2009) . Few large mammals ranged into low forest making this habitat poorer in dung resource than high forest. Cues of terrestrial large mammals presence in I may explain, together with more favourable climatic conditions, an intermediate attractiveness between T and high forest areas.
Two small roller dung beetles were dominant in pitfall samples (≥5% of total). Hansreia affinis characterized C, P and I areas, whereas Trichocanthon sordidus ranked first in T. In the FIT samples, a different ranking was observed: H. affinis was rare or absent and T. sordidus was among dominant species in P and T in 2003 and in I and T in 2004 . Similar trends in these two species were observed in high forest in Nouragues area in a large sample trapped with human faeces and in a FIT sample collected during five years (F. Feer, unpublished) . These differences may be partly interpreted in the light of the bias introduced by the trapping method: H. affinis is coprophagous (Feer 2000) preferentially captured with dung baited traps whereas T. sordidus is a generalist (coprophagous-necrophagous). The high relative abundances obtained for T. sordidus in T with both methods may result from a higher ecological tolerance to dry and warm conditions. Consistently, studying the responses of dung beetles to rain forest edge in Paracou (French Guiana), Feer (2008) showed that H. affinis is negatively affected by edge, whereas T. sordidus is not affected. In forest-savanna mosaic in Ivory Coast, Krell et al. (2003) have shown that rollers are competitively dominant on tunnellers but they need high temperatures. Perching behaviour, observed with all diurnal small rollers (<10mm body size) of the study area (F. Feer, personal observation), is known to have a role in thermoregulation and high body temperature may be related to competitive dominance in neotropical dung beetles (young 1984) . Large tunnelers foraging on larger dung deposition (Peck & Howden 1984 , Gill 1991 ) need deeper soil than rollers and are disadvantaged by high maximum temperatures (Batholomew & Heinrich 1978) . Such ecological needs and physiological constraints may explain why some large species (≥10mm body size) of Phanaenini (Oxysternon and Phanaeus spp.) or Dichotomius spp. were more frequently captured with pitfall trap in high forest than in low forest. Similar trends appeared in FIT for these genera but it was not the case for Coprophanaeus spp., including the largest species Coprophanaeus lancifer (Linné 1767). Specific traits associated with sensitivity to warm and dry conditions are still to be studied. Here we witnessed an overall impoverishment of forest specialists fauna when conditions change rather than an emergence of an original fauna.
C. triangularis had never been trapped in high forest in Nouragues in this study as well as in the past trapping sessions. It occurred only along the edge of low forest I. It was also present in riverine forest along the nearby Arataye river and in low forest in Kaw ridge, French Guiana (F. Feer, personal observation). It is one of the rare species positively affected by edge in Paracou disturbed forest (Feer 2008) . Canthon triangularis was a dominant species among the assemblage of dung beetles in a fragment of high forest with depauperate mammal fauna near Cayenne (F. Feer, unpublished) . This species can be considered as tolerant to forest disturbance (climatic conditions and resource) but it seems to be abundant only where deep forest dung beetle fauna is severely reduced.
Although few sites were inventoried, this study showed that dung beetle assemblage are sensitive to small scale variations of environmental conditions into primary forest. Abiotic factors were likely involved but biotic factors such as the abundance of mammals may also play a role (Nichols et al. 2009 ). We need replicates on a larger scale and to investigate other natural habitat types such as riverine lowland cloud forest (obregon et al. 2011) , bamboo forest or palm swamp to understand the effects of natural forest dynamics and by extension of anthropogenic disturbance on species distribution. A regular increase in temperature observed over the last 50 years in French Guiana was the most probable cause of plant species richness 10-year decrease in low forest in Nouragues (Fonty et al. 2009 ). Similar trends are predicted in several region of South America (Boulanger et al. 2006 ) which may play direct or indirect role on dung beetle communities through changes in forest structure.
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RESUMEN
Es conocido que la estructura de las comunidades de escarabajos coprófagos que habitan los bosques tropicales es sensible a diferentes tipos de cambios ambientales tales como el microclima asociado a la vegetación. Hemos examinado las comunidades de Scarabaeinae en dos parcelas de bosque alto sin perturbación y en dos parcelas de bosque bajo, presentes en la transición con el hábitat abierto de un inselberg en la Guayana francesa. Las parcelas de bosque bajo tienen condiciones climáticas más cálidas y secas. A lo largo de dos años, mediante trampas de caída con atrayente, capturamos un total 2 927 individuos de 61 especies y con trampas de intercesión de vuelo, un total de 1 431 individuos pertenecientes a 85 especies. Una mayor riqueza específica y abundancia caracteriza a todos los sitios de muestreo con trampas de caída en 2003 más que en 2004. En el 2003 no se detectaron diferencias entre los sitios de análisis de rarefacción. En el 2004 la riqueza de especies fue significativamente diferente en el bosque de altura que en el bajo. Durante los dos años, las asíntotas del modelo de Clench para la riqueza específica fueron mayores en bosque alto que en bosque bajo. Durante los dos años, el promedio por trampa de riqueza específica, abundancia y biomasa fueron similares entre las parcelas de bosque alto, pero mayores que en las parcelas de bosque bajo, especialmente en los sitios en los que se registró una mayor temperatura y menor humedad. Dentro de las dos parcelas de bosque bajo, la riqueza específica y la abundancia durante el segundo año disminuyeron con la distancia al borde. Las especies de coprófagos rodador que dominaban una de las parcelas del bosque bajo eran distintas de la del resto de parcelas. Los resultados de este estudio muestran que las pequeñas variaciones en las condiciones microclimáticas que están correlacionadas con la altura y la apertura del dosel arbóreo probablemente afectan a las comunidades de escarabajos coprófagos, aunque también son importantes la presencia de un suelo profundo y de grandes mamíferos que proporcionan recursos con sus heces.
Palabras clave: diversidad específica, estructura de la vegetación, inselberg, métodos de captura, microclima, Scarabaeinae, escarabajos. Species with abundance ≥5% of total sample are underlined. Creek: C, Plateau: P, Inselberg: I, Terrace: T.
